Vase life of cut lily flowers is limited by fading of petal color before abscission. As petal color changes continuously, it is difficult to determine when vase life ends. We investigated the relationship between declines in ornamental value (visible flower senescence) as judged by human subjects and petal color throughout vase life using cut flowers of the yellow lily. We also examined petal dry weight and thickness to clarify the temporal relationship between visible flower senescence and physiological petal senescence. Our results showed that visible flower senescence was sensitive to changes in petal saturation, which was reflected by the chroma value. The chroma value started to decrease in association with a decline in total carotenoids from day 4 after anther dehiscence. Visible flower senescence was marked on the sixth day when the lilies lost their ornamental value rapidly and their vase life came to an end. On the other hand, signs of physiological petal senescence were evident from the first day when petal dry weight and thickness started to decrease gradually. The progress of physiological petal senescence was reflected in the change in hue angle, which represents the color phase. Our results suggest that changes in the chroma value of yellow lily petals reflect visible flower senescence, which affects vase life. The onset of visible flower senescence is delayed by 3 days relative to physiological petal senescence due to maintenance of adequate carotenoid contents in petals during the early stage of flowering.
Introduction
Vase life of flowers is an important consideration for consumers as well as plant scientists. End of vase life is determined by changes in floral appearance. During senescence, abscission, wilting, and color changes in petals become factors that terminate vase life. Abscission and wilting are apparent signs of senescence. Cut flowers lose their ornamental value when just one petal abscises or a few petals wilt (Onozaki et al., 2004; Wagstaff et al., 2003) . However, since petal color changes continuously, it is difficult to determine when vase life comes to an end. In cut lily flowers, vase life ended due to petal color fading before abscission (Elgar et al., 1999) . Because lily petals were not markedly wilted, color fading was a significant factor determining declines in ornamental value. It is unknown how humans assess petal color as it changes during senescence. Although visual parameters influencing customer evaluations of freshness in fruits and vegetables have been examined (Péneau et al., 2007; Wada et al., 2010) , there have been few studies of a similar nature in flowers.
Color is represented by three aspects, lightness, saturation, and hue. The latter two are measured by chroma and hue angle (color phase), respectively. In some flowers, the hue angle changes during petal senescence (Kuiper et al., 1996; Yamada et al., 2009) . Sandersonia petals change color from orange to yellow with age (Eason et al., 1997) and Ipomoea nil petals change from purple to red (Yamada et al., 2009) . In fruits and vegetables, lightness and chroma values also change during senescence (Jeong et al., 2002; Péneau et al., 2007; Ribeiro et al., 2007) . The values of lightness and chroma increase with maturation in avocados (Jeong et al., 2002) . In strawberries, age-related decreases in the chroma value have been reported (Ribeiro et al., 2007) . Carotenoid content decreases with age in Sandersonia petals (Eason et al., 1997) and affects all aspects of petal color (Eason et al., 1997; Kishimoto et al., 2007 , Nielsen et al., 2003 . Yellow lily petals also contain carotenoid pigments (Yamagishi et al., 2009) .
Visible flower senescence (assessed as ornamental value) is predicted to not necessarily be synchronized with true senescence occurring at the physiological level (Wagstaff et al., 2003) . In Alstroemeria, physiological petal senescence starts in petals before the flower fully opens; petal fresh weight and cell thickness decrease due to programmed cell death (Wagstaff et al., 2003) . This implies a time lag between visible and physiological petal senescence in lily petals. In Iris (van Doorn et al., 2003) and Alstroemeria (Wagstaff et al., 2003) , mesophyll cells of petals degrade due to programmed cell death at an early stage of senescence. Thus, decreases in tepal thickness appear to be an index of senescence like petal dry weight, which is associated with loss of dry matter (Borochov and Woodson, 1989) . It has also been reported that lily petals thin with age (Elgar et al., 1999) .
We investigated the relationship between changes in ornamental value judged by human subjects, petal color (lightness, chroma, and hue), and carotenoid content during visible flower senescence using yellow lily flowers. In addition, to clarify the temporal relationship between visible and physiological petal senescence, we examined signs of physiological petal senescence based on indexes of fresh weight, dry weight, size, and thickness of petals in lily flowers.
Materials and Methods

Plant materials
Oriental-Trumpet hybrid cut lily (Lilium cv. Yelloween) flowers were obtained from a commercial source. Five to six buds attached in each cut flower. Cut plants were placed in distilled water (23°C, 70% relative humidity). From each plant, we detached two flowers with 150 mm peduncles when their anthers were dehiscent (day 0). Individual cut flowers were placed in conical flasks containing 300 mL distilled water and held at 23°C, 70% relative humidity, with a 12 h photoperiod at 10 μmol·m −2 ·s −1 PPFD until petal abscission.
Human rating with digital photos
We took 3456 × 2304 pixel digital photos (Canon EOS Kiss Digital N, Tokyo, Japan) of six cut flowers every day. We randomly selected two from the six flowers and used 2 sets of serial images of the flowers for the human rating. One set of images was printed randomly to 45 mm × 45 mm on a paper sheet so that the temporal sequence of images could not be recognized easily by volunteers. Forty-five undergraduate student volunteers (20 males and 25 females; mean age 20.1 years, SD ± 0.77) participated in this study. To rate the ornamental value of flowers, we used two subjective indexes, freshness and beauty. Volunteers were required to give an absolute judgment about perceived freshness and beauty for each floral image from a level of 1 to 5 (e.g., 1: very aged, 2: aged, 3: neutral, 4: fresh, 5: very fresh). They were also asked whether it was time for each flower in the images to be discarded or not. We calculated percentages of the number of volunteers who judged that the flowers should be discarded from the total number volunteers and used these data as disposal rates.
Color change
The color of the adaxial surface of the middle part of real petals (inner tepals) was measured with a CR-400 colorimeter (Konica Minolta Co., Ltd., Tokyo, Japan). Colorimetric values were determined using the CIE L*a*b* system (Robertson, 1977) . Lightness was expressed by the value of L. Chroma (C) and hue angle (h) were calculated from a* and b* values, which indicate color saturation and hue. Four petals from each flower were measured each day until petal abscission.
We also examined changes in petal color from digital photos used in the human rating. We cropped 128 × 128 pixel patches from middle part of digital photos of petals and calculated lightness, chroma, and hue angle using RGB values (Wada et al., 2010) .
Carotenoid content
We took tissue samples from the middle part of petals (0.1 g) and froze them in liquid nitrogen. Tissue was immersed in 100% MeOH. The UV-visible spectrum of each extract was recorded with a UV-240 spectrophotometer (Shimadzu, Kyoto, Japan). The total content of carotenoids was estimated from the absorbance at maxima ranging from 420 to 450 nm using the E 1% value of lutein (2550) (Britton, 1995) . Measurements were performed in triplicate.
Measurement of fresh weight, dry weight, size, and thickness
We sampled petals from four flowers and measured fresh weight, length, and width each day. These samples were subsequently dried in an electric oven at 80°C for 48 h and dry matter weight was measured. The thickness of the middle part of each petal was also measured using a digital caliper.
Human rating with real flowers
To confirm the equivalence of the human rating between picture images and real flowers, we examined human rating tests using real flowers at different stages. We displayed 8 cut flowers in a random order on a table where room temperature was held from 18 to 22°C and was lighted with fluorescent lights at 8 μmol·m −2 ·s −1 PPFD. These flowers passed from zero to seven days from anthers dehiscence. They had been treated using same procedure as the above experiment. We asked 41 volunteers (20 males and 21 females; age range 20-59, mean age 37.6 years, SD ± 10.7) to evaluate freshness and beauty for each flower. Twenty-one volunteers participated in rating tests in the morning and the remaining volunteers participated in the afternoon of the same day. Volunteers were asked to judge perceived freshness and beauty for each flower from 1 to 5 levels in the same manner as the above experiment. Although they were restricted from touching, they were allowed to look at the flowers at close range. They could observe each flower from every possible angle. There was no time restriction for observation and evaluation. We took digital photos of the 8 cut flowers and measured lightness, chroma, and hue angle. Pearson's product moment correlation coefficient was examined to clarify the relationship between changes in petal color and ornamental value of flowers judged by human subjects.
Data analysis
Data analysis was carried out using StatView for Windows (SAS Institute Inc., NC, USA). To show time course changes, we performed ANOVA for each set of data on lily petals. Tukey's test was performed to examine post-hoc comparisons. Pearson's product moment correlation coefficient was examined to clarify the relationships between changes in a flower's ornamental value judged by human volunteers, petal color, carotenoid content, and other physiological indexes during senescence. Stepwise multiple regression analyses were carried out to estimate values responsible for visible flower senescence and physiological petal senescence.
Results
Almost all petals of detached lily flowers abscised on the eighth day. We examined visible and physiological changes of flowers until the day before abscission (day 7, Fig. 1 ).
Human rating scores with digital photos
We found similar patterns for scores of freshness and beauty ( Fig. 2A, B ). Both rating scores showed a maximum from day 1 to day 3 but not on day 0. These scores began to decrease continuously from day 4 and fell below point 3 (median value) on day 6. The disposal rate increased to nearly 50% on day 6 ( Fig. 2C ). On the final day (day 7), almost all participants judged that each flower had lost its ornamental value (Fig. 2C) . These data showed that visible flower senescence started on day 4 and became pronounced 2 days before abscission (day 6). There was no significant difference between the two samples in freshness, beauty, or disposal rates so we used the mean scores of the two samples in the following correlation and regression analyses. In the beauty test, the score of sample 1 decreased temporarily on day 2 and increased again slightly on day 3, but these differences were not significant (Fig. 2B ). There were some variations in beauty scores relative to freshness.
Color change
In real petals, chroma increased temporarily, and began to decrease on day 4 (Fig. 3B) , a pattern similar to the human rating scores. On day 6, the chroma value decreased to about 70% of that on day 0. Lightness did not change (Fig. 3A) . The hue angle gradually decreased from the first day (Fig. 3C) ; petal color changed from greenish-yellow to yellow. Because we found age-related changes in chroma and hue angle, we used these two values following correlation and regression analyses. In results obtained from digital images of petals, we found a similar decrease in the chroma value and hue angle (data not shown) to that seen in real petals. Correlation coefficients of these values were significant and positive between real and digital images (chroma: r = 0.971, P < 0.01; hue angle: r = 0.889, P < 0.01). The lightness of petals in digital images did not change over 7 days, which was also consistent with the results for real petals. These image data demonstrated that digital photos of petals could properly represent changes in real petal colors during senescence.
Carotenoid content and other physiological changes
The total level of carotenoids declined from day 4 ( Fig. 4A) . On day 6, the total carotenoid content was about 70% of that on day 0. Dry weight and thickness decreased on the first day (Fig. 4C, D) . There were no significant decreases with age in fresh weight, width, or length (Fig. 4B, E) .
Relationship among changes in human rating scores, color, and physiological indexes
The chroma value and hue angle showed high correlations with two rating scores, freshness and beauty (Table 1) . The rating scores were also significantly correlated with other indexes (petal carotenoid content, dry weight, and thickness). To identify the values corresponding to visible flower senescence, we performed a stepwise regression analysis and found that freshness and beauty scores could be explained only by the chroma value (Fig. 5) .
The chroma value was correlated highly with carotenoid content, dry weight, and thickness (Table 2) . Based on stepwise regression analysis, only change in carotenoid content could be explained by changes in the chroma value (Fig. 5) . Hue angle was correlated highly with the values for dry weight and thickness of petals (Table 2 ). Stepwise analysis of hue angle and indexes of physiological petal senescence showed that the change in hue angle was explained by a change in thickness (Fig. 5) .
Human rating scores with real flowers
The scores of freshness and beauty started to decrease from day 2 and dropped to the lowest level on day 5. In the 3 elements of color, only the chroma value showed a similar pattern and showed high correlations with the two rating scores (Table 3 ).
Discussion
We showed that freshness and beauty as judged by consumers are closely correlated with saturation of petal color, measured by the chroma value. Our present results suggested that, in 3 aspects of color, the chroma value is mostly responsible for the ornamental value of yellow lily flowers. The decline in ornamental value (visible flower senescence) started 4 days after anther dehiscence ( Fig. 2A, B) and became pronounced at day 6, which was a similar shift to decreases in total carotenoids. On the other hand, at the physiological level, some signs of senescence were evident on the first day when petal dry weight and thickness started to decrease continuously (Fig. 4C, D) . In the present study, we evaluated physiological petal senescence using the two indexes (petal dry weight and thickness). The progress of physiological petal changes was associated with changes in the color phase, measured by hue angle (Fig. 3C ). Visible flower senescence was delayed by 3 days relative to physiological petal senescence. The two aspects of senescence progress differently in the yellow lily.
We used perceived freshness and beauty to measure the ornamental value of lily flowers and found similar results in their rating scores. During visible flower senescence, freshness and beauty express the same sense of judgment of the floral value. Perceived freshness and beauty was sensitive to changes in chroma. This conclusion is consistent with previous studies of fruits and vegetables, where the chroma value decreased with age (Jeong et al., 2002; Ribeiro et al., 2007) . Visible flower senescence is affected by reductions in the saturation of cut flowers. When the chroma value in lily petals declined by about 70% below that at the anther dehiscence stage, each flower drastically lost its ornamental value (day 6). The 30% reduction in the chroma value was the criterion used to determine the end of yellow lily vase life. This criterion for end of vase life may be useful in other yellow flowers such as chrysanthemums and gerberas that contain carotenoid pigments and senesce with color fading without much wilting. This is the first study to clarify the relationship between ornamental value and color fading. We found similar patterns in the results of printed and real petals, where human rating scores were highly correlated with chroma values. This similarity suggests that ornamental values of petals are able to be assessed using pictures as well as real flowers. There are at least two positive points from human rating examinations with pictures but not with real flowers. First, we can plan rating tests regardless of blooming season and stage. Second, it becomes easier to execute a large sample examination.
The chroma value decreased with declines in total carotenoids in petals. Our results are consistent with the results of a previous study associating a lower level of carotenoid pigments with a decrease in the chroma value of petals (Nielsen et al., 2003) . In our study, declines in ornamental value were induced by reductions in the chroma value. These results imply that a decrease in total carotenoids contributes to a decline in ornamental value.
Our results showed that the color phase (hue angle) changed with physiological petal senescence, which agrees with a previous study using hue angle as an index of physiological petal senescence in Ipomoea nil petals (Yamada et al., 2009) . The color phase of lily petals changed from greenish-yellow to yellow after cutting. There are two possible explanations to account for agerelated changes in the hue angle. First, a decrease in the amount of chlorophyll pigments may affect the hue angle. A decrease in chlorophyll content has been used as a primary index of physiological petal senescence (Azad et al., 2008; Eason et al., 1997) . Second, agerelated changes in carotenoid composition may induce changes in hue angle. Hue angle is affected by pigment composition as well as total pigment content (Kishimoto et al., 2007) . To determine the contribution of each, analysis of multiple pigments will be needed. Changes in wave lengths out of the visual light range should also be examined in the future. Although visible differences were not observed between un-pollinated and pollinated flowers (Gentiana sp.), only pollinated flowers showed color changes to copper within a few days. Shono et al. (2007) reported that different spectral radiance was detected between un-pollinated and pollinated flowers due to changes in the surface texture of cells. They found different patterns of spectral radiance at around 720 nm and over 1000 nm. Signs of physiological petal senescence were shown 3 days before visible flower senescence appeared. The preset data was consistent with the results of Battelli et al. (2011) . They reported that programmed cell death was observed in mesophyll texture before petal wilting in Lilium longiflorum. The present time difference between visible and physiological senescence may be apparent because of adequate carotenoid pigments being maintained during the first 3 days in the epidermal cells. Carotenoid pigments were mainly contained in adaxial epidermal cells in yellow lily flowers (data not shown). The onset of programmed cell death in the epidermal layer occurred a few days later than in mesophyll tissues in some flower petals (Battelli et al., 2011; van Doorn et al., 2003; Wagstaff et al., 2003) . The time lag of senescence between epidermal and mesophyll cells may induce a delay in visible flower senescence. Higher ornamental values could be maintained for a longer time by controlling the biosynthesis of pigments in epidermal cells.
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